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Notch signalingosophila MADF/BESS domain transcription factor Dip3, which is expressed in
differentiating photoreceptors, regulates neuronal differentiation in the compound eye. Loss of Dip3 activity
in photoreceptors leads to an extra photoreceptor in many ommatidia, while ectopic expression of Dip3 in
non-neuronal cells results in photoreceptor loss. These ﬁndings are consistent with the idea that Dip3 is
required non-cell autonomously to block extra photoreceptor formation. Dip3 may mediate the spatially
restricted potentiation of Notch (N) signaling since the Dip3 misexpression phenotype is suppressed by
reducing N signaling and misexpression of Dip3 leads to ectopic activity of a N-responsive enhancer. Analysis
of mosaic ommatidia suggests that no speciﬁc photoreceptor must be mutant to generate the mutant
phenotype. Remarkably, however, mosaic pupal ommatidia with three or fewer Dip3+ photoreceptors always
differentiate an extra photoreceptor, while those with four or more Dip3+ photoreceptors never differentiate
an extra photoreceptor. These ﬁndings are consistent with the notion that Dip3 in photoreceptors activates a
heretofore unsuspected diffusible ligand that may work in conjunction with the N pathway to prevent a
subpopulation of undifferentiated cells from choosing a neuronal fate.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe adult Drosophila eye is composed of about 750–800 omma-
tidia, each of which contains eight photoreceptors (R1–R8), four cone
cells, and two primary pigment cells; and is surrounded by a
hexagonal lattice of inter-ommatidial cells. In a process that begins
in the early third instar larva and continues until late pupal
development, these cells differentiate in a stereotyped sequence
from a pool of undifferentiated cells (Ready et al., 1976; Tomlinson and
Ready, 1987; Wolff, 2000).
The signals that a cell receives and therefore its developmental fate
are determined by its location within a developmental ﬁeld. This
concept is well illustrated by studies of the process by which R7 is
speciﬁed during development of the retina. This photoreceptor is
chosen from a group of initially equivalent cells (the R7 equivalence
group) that will give rise to R1, R6, and four cone cells, in addition to
R7 (Daga et al., 1996; Flores et al., 2000; Xu and Rubin, 1993). One of
these cells assumes the R7 fate because it receives two signals from its
neighbors: one mediated by the Notch (N) receptor and the other by
the Sevenless (Sev) receptor (a member of the receptor tyrosine kinase
(RTK) family). The N signal originates from at least one cell of the R1/
R6 pair with the expression of the N ligand Delta (Dl), while the Sev
signal originates in R8 with the expression of the Sev ligand, Bride of.
l rights reserved.Sevenless (Boss). If the presumptive R7 cell receives only the Sev
signal, it adopts the R1 or R6 fate. Conversely, if it receives a high N
signal but a low Sev signal, it adopts the cone cell fate (Banerjee et al.,
1987; Basler and Hafen, 1991; Cooper and Bray, 2000; Kauffmann
et al., 1996; Kramer and Cagan, 1994; Tomlinson and Struhl, 2001; Van
Vactor et al., 1991).
Dip3 belongs to the MADF-BESS domain transcription factor
family, 14 members of which are encoded by the Drosophila genome
(Bhaskar and Courey, 2002) (Fig. 5A). The DNA binding MADF domain
has signiﬁcant similarity to the more broadly distributed SANT
domain, which contains a divergent helix-turn-helix motif that can
direct sequence-speciﬁc binding to DNA (Aasland et al., 1996). In
addition to the N-terminal MADF domain, Dip3 also contains a
C-terminal BESS domain, which mediates protein:protein interactions
with a number of targets, including TBP associated factors and the Rel
homology domains of Dorsal and Relish. Dip3 can bind DNA directly
using its MADF domain and function as a transcriptional activator,
while recruitment of Dip3 via protein:protein interactions between
the BESS domain and DNA-bound factors allows Dip3 to function as a
coactivator (Bhaskar and Courey, 2002). Consistent with the interac-
tion between Dip3 and Rel homology domain proteins, which have
roles in innate immunity, the loss of Dip3 results in a compromised
immune response (Ratnaparkhi et al., 2008).
Here we show that Dip3, which is expressed in all photoreceptors
in the developing retina, regulates cell fate speciﬁcation in non-
neuronal cells. In the absence of Dip3, extra photoreceptors form,
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receptor formation. Mosaic analysis shows that suppression of extra
photoreceptor formation is strictly dependent upon the number, but
not the position, of wild-type photoreceptors in each ommatidium.
This suggests that Dip3 may activate a diffusible ligand that acts in anFig.1.Dip3 localizes to speckles in the nuclei of all photoreceptors. Immunolocalization of Dip
to the morphogenetic furrow (A, B). Co-localization of Dip3 and Sens shows that Dip3 is expr
themorphogenetic furrow (B, see also Supplemental Fig. S1). Dip3 is localized in the nuclei of
(C–C''').exquisitely concentration dependent manner to prevent extra photo-
receptor formation. Further ﬁndings, including suppression of the
Dip3 over-expression phenotype by reduced N signaling, suggest that
Dip3 may act in conjunction with the N pathway to modulate the
neuronal/non-neuronal decision in the compound eye.3 in mosaic (A) andwild-type (B, C) 3rd instar larval eye discs. Dip3 is localized posterior
essed in R8 photoreceptors and the expression is detected from the 4th row posterior to
R1–R7 photoreceptors (white asterisks), but not in a non-neuronal nucleus (red asterisk)
Table 1
Number of R cells as a function of the number of Dip3+ R cells in an ommatidium
# of Dip3+ R cellsa # of ommatidia with 8 R cells # of ommatidia with 9 R cells
1 0 10
2 0 6
3 0 7
4 12 0
5 7 0
6 8 0
7/8 4 0
a Mosaic eyes were generated and scored as described in Experimental procedures.
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Fly stocks and generation of the Dip3 excision allele
E(spl)-mδ(0.5)lacZ, sev-Gal4, elav-Gal4, lz-Gal4, spa-Gal4, and eyﬂp;
FRT42D,UbiGFP stocks have been described previously and are
available from Bloomington Stock Center (Cooper and Bray, 1999;
Crew et al., 1997; Jiao et al., 2001; Newsome et al., 2000; Richardson
et al., 1995). The EP-Dip3 line containing an insertion of the EP
P-element (Rorth, 1996) upstream of the Dip3 coding region has beenFig. 2. Loss of Dip3 leads to ectopic photoreceptor development. (A) Schematic drawings
of UAS-Dip3 (EP-Dip3) and Dip3-null alleles (Dip31 and Dip31J2). The red dot on Dip31J2
shows the position of a point mutation expected to disrupt splicing. Tangential sections
and schematic drawings of wild-type (B) or Dip31 (C) eyes. At this focal plane, only the
rhabdomeres of R1–7 are seen in wild-type eyes (B). In Dip31 eyes, there often is an
extra rhabdomere with the cell body attached, located next to R7 (C, arrow) and
denoted by the letter “E”. The size of the extra rhabdomere is roughly the same as those
of R1–6 suggesting that the extra photoreceptor is an outer photoreceptor. The extra
photoreceptor is also visible as an extra Elav positive cell in Dip31mid-pupal ommatidia
(compare panels E and E′ to panels D and D′). In these ommatidia, there are 9 Elav
positive nuclei. One of the nuclei, most likely R7 and therefore marked with SalM, is
pushed toward the center of the cluster. Panels D′ and E′ are highmagniﬁcation views of
portions of panels D and E. Each dot in panels D′ and E′ represents one nucleus.described previously (Duong et al., 2008). These ﬂies show the normal
level and pattern of Dip3 expression in the absence of a Gal4 driver
(data not shown).
The Dip31 mutation was generated by crossing EP-Dip3 ﬂies with
ﬂies carrying a source of transposase (Δ2–3) to induce imprecise
excision of the P-element. Excision lines identiﬁed by loss of thewhite
marker were screened by genomic PCR, and characterized by
restriction digest, DNA sequencing, and antibody staining.
EMS mutagenesis
Male EP-Dip3 ﬂies weremutagenized with ethyl methanesulfonate
(EMS) as described previously (Mandal et al., 2005), and then crossed
with female ey-Gal4 ﬂies at 25 °C. To eliminate second-site mutations,
the surviving progeny were back-crossed to unmutagenized ﬂies
seven times using the linked whitemarker to follow the mutagenized
Dip3 allele. The resulting ﬂies were then crossed with the ey-Gal4 and
GMR-Gal4 drivers to screen for viability in the presence of ey-Gal4
at 25 °C and for the absence of smooth eyes in the presence of
GMR-Gal4.
Antibody generation and immunohistochemistry
Amino acids 122 to 341 of Dip3 were expressed as a C-terminal
fusion to GST, puriﬁed, and then cleavaged from the GST tag before
injection into rabbits to produce polyclonal antiserum (Upstate
Biotechnology). Rabbit anti-Dll antibody (Dong et al., 2000) was
provided by G. Panganiban, Rabbit anti-BarHI was provided by K. Saigo
(Kojima et al., 2000). Rat anti-Elav, Mouse anti-Eya and mouse anti-
Cut antibodies were provided by the Developmental Studies Hybri-
doma Bank (DSHB). Antibody staining was performed as described
previously (Wolff, 2000).
Mosaic analysis
dip3R40H mutant eye clones were generated using the ey-ﬂp/FRT
system (Newsome et al., 2000). Eye discs from the midpupae were
dissected, ﬁxed and stained for ELAV and Spalt. At the boundary
between the mutant and wild-type tissue, mosaic ommatidial clusters
were identiﬁed and the genotype of the R cells was determined by the
presence (wild-type) and absence (dip3R40H) of GFP. The number of R
cells within the mosaic ommatidial cluster was determined by
counting the number of Elav positive cells.
Results
Dip3 is expressed in all neuronal cells of the developing eye disc
We previously showed that misexpression of Dip3 in the early eye-
antennal disc leads to extra antennae due both to duplication of the
proximodistal axis in the antennal disc and transformation of the eye
disc to an antennal fate (Duong et al., 2008). To investigate the
possibility that Dip3 has a role in normal eye and/or antennal
development, we conducted immunolocalization studies using an
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detect little or no Dip3 in ﬁrst and second instar eye-antennal
discs (data not shown) and little or no expression anterior to the
morphogenetic furrow in third instar discs (Figs.1A, B). However, Dip3
is dramatically upregulated in a subset of the cells posterior to the
morphogenetic furrow (MF) (Figs. 1A, B). Co-staining with antibodies
against Senseless (Sens), which marks R8 cells as they differentiate
immediately posterior to the morphogenetic furrow, shows that Dip3
is present starting in the fourth row of clusters posterior to the furrow
(Fig. 1B, Supplemental Fig. S1). The ﬂuorescent signal localizes toFig. 3.Misexpressing Dip3 in undifferentiated cells results in an increase in number of cone a
expression pattern in the presence of each driver and the corresponding phenotypes. Expr
However, when Dip3 was expressed in a cell population that included undifferentiated and p
gray stippling indicates the presence of endogenous Dip3, while gray shading indicates Dip3
adult wild-type (C) or sevNDip3 eyes (D). The sevNDip3 eye shows reduced distance between
late pupal eye disc (96 h APF) showed increased cell death in inter-ommatidial cells but
ommatidium contains eight photoreceptors, four cone cells and two primary pigment cells a
Dip3 misexpressing eyes, almost all ommatidia contain fewer than eight photoreceptors (Hpunctuate nuclear bodies of unknown identity. The absence of
immunoreactivity in clones of cells posterior to the furrow that are
homozygous for a Dip3 null allele, the characterization of which is
presented in the next section, veriﬁes the speciﬁcity of the antibody
(Fig. 1A).
To determine which cell types express Dip3, we co-stained discs
with antibodies to cell type speciﬁc markers. All photoreceptor cells in
the developing eye express the neural marker, Elav (Robinow and
White, 1988). All cells expressing Elav also expressed Dip3, while all
cells lacking Elav lacked Dip3 (Fig. 1C). Double staining withnd pigment cells at the expense of photoreceptors. (A,B) Schematic drawings of the Dip3
ession of Dip3 in cone cells or in photoreceptors produced no visible phenotypes (A).
igment cells, smooth eyes were observed (B). In drawings on the left in panels A and B,
misexpression. C-cone cells; P-photoreceptors; Pc-pigment cells. (C, D) Thick sections of
the rhabdomere clusters, and reduced numbers of rhabdomeres. (E, F) TUNEL staining of
not other cells. (G–L) Antibody staining of mid-pupal eyes. In wild-type eyes, each
s marked by antibody staining for Elav, Ct and BarHI, respectively (G, I, K). However, in
), along with ﬁve cone cells (J), and three primary pigment cells (L).
Fig. 4. Dip3 enhances N signaling. (A, B) Scanning electron micrographs of adult eyes raised at 29 °C. Insets showmagniﬁed views of the same eyes. Reducing the N signal suppresses
the Dip3 misexpression phenotype. At 29 °C, the eyes of GMRNDip3 female ﬂies show no clear boundary between the ommatidia (A). However, under the same conditions, when a
copy of Nts is taken away by temperature shift, more bristles and clear demarcation between the ommatidia are observed (B). (C, D) Dip3 over-expression drives ectopic expression of
mδ(0.5)-lacZ, a reporter of N signaling. In 3rd instar eye discs, this reporter is expressed only in the R4 photoreceptor, giving rise to diagonal stripes of lacZ positive cells posterior to
the morphogenetic furrow (C). However, when Dip3 was over-expressed, extramδ(0.5)-lacZ positive cells were detected (D, arrows). (E, F) Misexpression of Dip3 in the wing inhibits
formation of the anterior cross-vein, the posterior cross-vein, and the distal segment of L5 (compare panel F to E, dotted ovals).
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cells (Flores et al., 1998), conﬁrmed the absence of Dip3 from
undifferentiated cells, while double staining with antibodies against
Dip3 and cone cell markers such as Cut (Ct) or Prospero (Blochlinger
et al., 1993), conﬁrmed the absence of Dip3 from cone cells (data not
shown). We conclude that in the developing eye disc, Dip3 is
exclusively expressed in neuronal cells. Dip3 is also expressed in
many other neuronal cells, such as those of the embryonic CNS, the
maxillary palpus, and inter-ommatidial bristles. Neuronal expression
persists from the third larval instar through at least late pupal stages
(data not shown).
Loss of Dip3 leads to extra photoreceptor development
To investigate the role of Dip3 in eye development, we generated
Dip3 mutant alleles by two methods. First, a P-element inserted
upstream of Dip3 was mobilized to generate an imprecise excision
allele (Dip31) that removes 930 bp of genomic DNA including the Dip3
transcriptional start site, translational start site, and ﬁrst 145 codons(Fig. 2A). Second, ﬁve additional loss-of-function alleles, Dip31J2,
Dip3R40H, Dip3H50P, Dip3T97M and Dip3K126M, were isolated in an EMS
screen (see below for a description of the EMS screen). After extensive
backcrossing to wild-type, all Dip3 mutant alleles were found to be
homozygous viable.
Tangential sectioning of the Dip31 eyes showed that the ommatidia
often contain an extra photoreceptor. A wild-type adult ommatidium
contains eight photoreceptors each possessing a rhabdomere. The R7
and R8 rhabdomeres each span only half the depth of the
ommatidium with the R7 rhabdomere on top of the R8 rhabdomere,
and thus only seven rhabdomeres are visible in each section (Fig. 2B,
reviewed in (Kumar, 2001)). In Dip31 eyes, the ommatidia sometimes
contain an extra rhabdomere and attached cell body located next to R7
(Fig. 2C, arrow). The size of the extra rhabdomere is about the same as
those of R1–6 (the outer photoreceptors) suggesting that the extra
photoreceptor is an outer photoreceptor.
Consistent with the analysis of the adult eye, antibody staining of
Dip31 pupal eyes (∼60 h APF) reveals nine rather than the normal
eight Elav positive nuclei per ommatidium. Careful optical sectioning
Fig. 5. The MADF domain is essential for Dip3 function. (A) Schematic drawing of the
Dip3 protein including the positions of four point mutations that almost abolish Dip3
function. These mutations were identiﬁed in a genetic screen looking for mutations in
Dip3 that suppress Dip3 misexpression phenotypes (see text for details). (B, C) Scanning
electron micrographs of adult eyes in which Dip3 containing the R40H mutation is
misexpressed using the GMR-Gal4 driver (B) or ey-Gal4 driver (C) at 25 °C.
Misexpression of wild-type Dip3 with GMR-Gal4 produces smooth eyes (Fig. 2B),
while misexpression Dip3R40H produces a relatively normal eye (B). A tangential section
of a homozygous Dip3R40H adult eye shows ommatidia containing an extra
photoreceptor (D).
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this extra photoreceptor. Thus, the phenotype is completely penetrant
in pupal ommatidia, but not in adult ommatidia indicating that the
extra R cell is not always incorporated into the adult ommatidia.
Double staining for Elav and Spalt-major (SalM), an R7/R8 marker
(Mollereau et al., 2001), shows that unlike wild-type ommatidia, in
which all photoreceptors are part of the circular ring of photorecep-
tors, the nucleus of one photoreceptor, most likely R7, in Dip31 pupal
ommatidia is pushed toward the center of the ommatidium (compare
Figs. 2E,E′ to D,D′).
Attempts to determine the identity of the extra photoreceptor by
staining 3rd instar larval and pupal eye discs with antibodies against
photoreceptor-speciﬁc markers (Senseless, Rough, Spalt-M, or BarHI)
gave inconclusive results as none of these markers were expressed in
the extra photoreceptors (data not shown). This suggests that the
extra cell, while clearly a photoreceptor, is not truly homologous to
any of the normal photoreceptors. The position of the extra
photoreceptor in the adult eye suggests that it may be a transformed
equatorial cone cell. However, this does not appear to be the case since
Dip3 mutant pupal discs contain wild-type numbers of cone and
primary pigment cells (Fig. S3).The function of Dip3 in at least four photoreceptors is required for
suppression of extra photoreceptor development
The data presented thus far demonstrate that, although Dip3 is
exclusively expressed in photoreceptors, loss of Dip3 leads to the
development of extra photoreceptors. Therefore, Dip3 may function
non-cell-autonomously, perhaps by directing the formation or
activation of an extracellular signal that prevents non-neuronal cells
from adopting a neuronal fate. To explore this potentially non-cell-
autonomous function further, we examined mosaic ommatidia. Since
the incomplete penetrance of the phenotype among adult ommatidia
would have complicated the analysis, we decided to examine the
mosaic ommatidia in pupaewhere the penetrance of the phenotype in
the homozygous mutant ommatidia is complete. Ommatidia with
extra photoreceptors were identiﬁed by looking for the shift of a SalM
positive nucleus to the middle of an ommatidial cluster in the pupal
eye. Examination of 54 mosaic clusters revealed that all 31 ommatidia
containing four or more wild-type photoreceptors exhibit the normal
eight photoreceptors, while all 23 ommatidia containing fewer than
four wild-type photoreceptors exhibit an extra photoreceptor (Table
1). Furthermore, there is no discernable pattern in the arrangement of
wild-type photoreceptors within the ommatidia that contain an extra
photoreceptor. Thus, consistent with a non-cell-autonomous function
for Dip3, it appears that the total number of Dip3+ photoreceptors
rather than the genotype of any given photoreceptor is what
determines the phenotype. The suppression of extra photoreceptor
formation by Dip3 requires the combined function of Dip3 in at least
four photoreceptors presumably to produce a sufﬁcient level of the
inhibitory signal.
Misexpression of Dip3 posterior to the morphogenetic furrow leads to
multiple defects in eye development
The non-cell-autonomous function of Dip3 suggests that Dip3
may direct the formation or activation of an extracellular signal that
prevents non-neuronal cells from adopting a neuronal fate. To
explore this possibility, we ascertained the effects of misexpressing
Dip3 posterior to the furrow. Neither the over-expression of Dip3 in
photoreceptors using the elav-Gal4 driver nor misexpression of Dip3
in cone cells using the spa-Gal4 driver had an effect on eye
patterning (Fig. 3A). However, expression of Dip3 using the GMR-
Gal4, sev-Gal4, and lz-Gal4 drivers resulted in smooth eyes lacking
well-deﬁned ommatidia (Fig. 3B). The three drivers that produce this
phenotype are all active in undifferentiated cells, primary pigment
cells, and some or all photoreceptors (Fig. 3B, Supplemental Fig. S2).
Since over-expression of Dip3 in photoreceptors alone, or misexpres-
sion of Dip3 in cone cells is not sufﬁcient to produce the phenotype,
we conclude that the smooth eye phenotype results from mis-
expression of Dip3 in primary pigment cells and/or undifferentiated
cells.
Tangential sectioning of the smooth eyes revealed a clear reduction
of the inter-ommatidial space, and the ommatidia show frequent
loss of at least one photoreceptor (compare Figs. 3D to C). TUNEL
staining of late pupal eye discs (96 h APF), at which developmental
stage all programmed cell death (PCD) in normal eye development is
completed, showed a signiﬁcant increase in apoptotic cell death in
inter-ommatidial cells but not in photoreceptors or cone cells as
compared to wild-type (Fig. 3, compare F to E). These data imply that
inter-ommatidial cells are lost due to apoptosis, but that the loss of
photoreceptors is not due to increased cell death.
The observation that the loss of photoreceptors is not accompanied
by increased photoreceptor cell death suggests that some of the cells
that would normally give rise to photoreceptors are being directed to a
non-neuronal fate. To test this possibility, mid-pupal eye discs were
stained with antibodies against the neuronal marker Elav, the cone
cell marker Ct, and the primary pigment cell marker BarHI. Consistent
Fig. 6. Amodel for Dip3 function. In normal development, the presence of Dip3 in photoreceptors inhibits some cells from assuming a neuronal fate bymodulating N signaling. When
Dip3 expression is lost, as in Dip31, the neuronal fate inhibition is alleviated leading to the formation of extra photoreceptors. Overexpression of Dip3 in undifferentiated cells (or
perhaps primary pigment cells) enhances N signaling, which results in the activation of non-neuronalmarkers such as D-Pax2 (a cone cell determinant) or Bar-H1 (a primary pigment
cell determinant), and inhibition of proneural genes. This leads to loss of photoreceptors and gain of cone and pigment cells. It is not clear if the extra cone and pigment cells arise
from the inhibited neuronal precursors, undifferentiated cells, or both.
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exhibited fewer than the normal eight photoreceptors (Fig. 3, compare
H with G). In addition, most ommatidia contained an extra cone cell
(ﬁve instead of the normal four, compare Fig. 3J with I) and an extra
primary pigment cell (three instead of the normal two, compare Fig.
3L with K). These observations suggest that over-expression of Dip3
blocks neural development and leads to over-speciﬁcation of non-
neuronal cell types.
Dip3 modulates N signaling
The ﬁnding that misexpression of Dip3 leads to loss of photo-
receptors is consistent with the hypothesis that Dip3 initiates a signal
that blocks neuronal development. Knowing that both Notch and
EGFR play major roles in this process, we looked for suppression or
enhancement of the Dip3misexpression phenotype by components of
the Ras and Notch signaling pathways.
Co-misexpression of Dip3 with a number of Ras pathway
components (EGFR, EGFRDN, Raf, and Ras) or misexpression of Dip3
in the presence of Ras pathway loss-of-function mutations (grkHF,
topQY1, gap1r2533, argos259, and rhoPΔ5) revealed no signiﬁcant interac-
tions between Dip3 and the Ras pathway (data not shown). However,
the use of Nts to reduce N activity signiﬁcantly suppresses the Dip3
misexpression phenotype (Fig. 4, compare B to A). One way that Dip3
could activate N signaling is by activating the expression of the N
ligand Dl. We do not, however, observe changes in Dl expression in
GMRNDip3 eye discs (data not shown) suggesting that Dip3 activates
N signaling through a different mechanism.
Molecular evidence for a role of Dip3 in N signaling is provided by
experiments with the N-responsive reporter E(spl)-mδ(0.5)-lacZ
(Cooper and Bray, 1999). In a wild-type background, this reporter is
expressed in a single photoreceptor (R4) in each ommatidium giving
rise to diagonal rows of lacZ positive cells posterior to the
morphogenetic furrow (Fig. 4C), while ectopic activation of N
signaling results in expression of the reporter in additional photo-
receptors. In accord with the hypothesis that Dip3 activates N
signaling, misexpression of Dip3 results in expression of E(spl)-mδ
(0.5)-lacZ in additional photoreceptors (Fig. 4D, arrows).
N negatively regulates wing venation. Loss of N signaling leads to
vein broadening, while N hyperactivity leads to vein loss (de Celis
et al., 1996, 1997). In support of the conclusion that Dip3 activates N
signaling, misexpression of Dip3 in the wing disc results in frequentloss of cross veins and truncation of longitudinal veins (Fig. 4, compare
F to E).
The MADF domain is essential for Dip3 function
As mentioned in the introduction, Dip3 belongs of the MADF/BESS
domain family of transcription factors. Since most members of this
family have not been previously characterized and very little is known
about structure/function relationships in this family, we screened for
new EMS alleles of Dip3. The screen took advantage of the observation
that misexpression of Dip3 with the ey-Gal4 driver results in complete
lethality when the ﬂies are raised at 25 °C or above (Duong et al.,
2008). Flies carrying UAS sites upstream of the Dip3 locus were
mutagenized and selected for the ability to survive at high
temperature in the presence of the ey-Gal4 driver. The screen yielded
ﬁve Dip3 alleles, one of which disrupts the splice acceptor site at the
intron1-exon2 junction. The other four alleles each contain a single
missense mutation in the Dip3 coding region (Fig. 5A). These
mutations almost completely suppress the smooth eye phenotype
normally observed when expression is drivenwith GMR-Gal4 (Fig. 5B)
and the lethality observed when expression is driven with ey-Gal4
(Fig. 5C). Analysis of adult eye sections from ﬂies homozygous for any
of the ﬁve mutations revealed the same extra photoreceptor
phenotype described for Dip31 (Fig. 5D). All four missense mutations
map to the MADF domain suggesting that this feature of Dip3 is
essential for function.
Discussion
Dip3 negatively regulates neuronal fate
Our analysis suggests that expression of Dip3 in one cell population
suppresses neuronal differentiation of other cells around it. Loss of
Dip3 expression in photoreceptors appears to release the neuronal
fate suppression in non-neuronal cells, leading to the differentiation of
an extra photoreceptor in each ommatidium. Consistent with this
interpretation, when Dip3 is misexpressed in undifferentiated and/or
primary pigment cells, which normally do not express Dip3, it inhibits
neural precursors from assuming the neuronal fate. However, we
cannot formally rule out the possibility that the loss-of-function
phenotype and the gain-of-function phenotype are mechanistically
distinct.
112 H.A. Duong et al. / Developmental Biology 323 (2008) 105–113Along with inhibiting photoreceptor development, misexpression
of Dip3 also leads to ectopic non-neuronal cell speciﬁcation as
reﬂected by the appearance of extra cone and pigment cells. Whether
the extra cone and pigment cells originate from the inhibited neuronal
precursors or from undifferentiated cells is unclear. However, some
pupal ommatidia contain 8 photoreceptors and 5 cone cells implying
that at least some of the extra non-neuronal cells originate from
undifferentiated cells as opposed to inhibited neuronal precursors.
Furthermore, the Dip3mutant ommatidia contain the normal number
of cone and pigment cells indicating that transformed cone or
pigment cells cannot be the source of the extra photoreceptors that
result from Dip3 loss-of-function. Therefore, Dip3 must possess at
least two independent functions: inhibition of neuronal and promo-
tion of non-neuronal speciﬁcation (Fig. 6).
These two properties are also seen in N signaling. In lateral
inhibition, the activation of N in R8 inhibits the surrounding cells from
assuming the neuronal fate (Baker and Zitron, 1995). Furthermore, in
the R7 equivalence group, in which EGFR is active in all cells, the level
of N activity determines cell fate. Cells with lowN activity differentiate
into photoreceptors, while cells with high N activity differentiate into
cone cells (Tomlinson and Struhl, 2001). Furthermore, restricted
activation of Notch in late eye development leads to loss of
photoreceptors and extra cone and pigment cells similar to over-
expression of Dip3 (R. Nagaraj, unpublished observation). Thus, there
is likely to be an interaction between Dip3 and N signaling (Fig. 6).
Consistent with this hypothesis, reduction of N signaling suppresses
the Dip3 over-expression phenotype, and ectopic expression of Dip3
leads to ectopic expression of a reporter under control of a N-
responsive enhancer. Finally, misexpression of Dip3 in the wing,
where Dip3 is not normally expressed, inhibits wing vein develop-
ment, a phenotype similar to the N over-expression phenotype.
While our data suggest that Dip3 potentiates N signaling, they are
not consistent with the notion that Dip3 simply triggers the N
signaling pathway in an indiscriminate manner. While the N signal is
essential and involved in many diverse aspects of development, Dip3
is not an essential gene. Furthermore, N laterally inhibits neuronal
development in all cells that surround the signal-emitting cell, but
Dip3 normally only suppresses one cell from assuming the neuronal
fate. Therefore, Dip3 is apparently responsible for only a subset of N
functions. Consistent with this interpretation, misexpression of Dip3
in the eye results in ectopic activation of a N reporter in only a subset
of photoreceptors, while misexpression of Dip3 in the wing inhibits
formation of only the anterior and posterior cross veins, along with
the distal segment of the L5 longitudinal vein. HowDip3 is able to have
these spatially restricted effects on N signaling is still unknown. It is
likely, however, that the key to this spatial restriction lies in the need
for combinatorial interactions between Dip3 and other spatially
restricted signaling pathways or transcription factors.
Our mosaic analysis shows that no single photoreceptor must be
mutant to generate the mutant phenotype. However, we cannot
completely exclude the possibility that certain subsets of photore-
ceptors must be mutant to generate the mutant phenotype. The cells
of the R7 equivalence group arise after the secondmitotic wave and so
may tend to be simultaneously mutant in mosaic ommatidia more
often thanwould be expected if there were no lineage relationships at
all between R cells. Thus, one possibility is that it is sufﬁcient for all
three photoreceptors of the R7 equivalence group (R1, R6, and R7) to
be mutant to generate the extra photoreceptor. However, all the
mosaic ommatidia with an extra R cell (all those with nine R cells in
total) contain at least six mutant R cells. Thus, it is not sufﬁcient for all
the cells of the R7 equivalence group to be mutant to generate the
mutant phenotype. Alternatively, it is possible that all the precluster R
cells (R2, R3, R4, R5, and R8) must be mutant to generate the mutant
phenotype. However, this seems unlikely as it would imply that the
ﬁve precluster R cells are always mutant together in mosaic
ommatidia containing ﬁve or more mutant R cells. This would, inturn, suggest a much stronger lineage relationship between R cells
than has been previously observed (Freeman, 1997; Ready et al., 1976;
Reinke and Zipursky, 1988; Tomlinson and Ready, 1987). Thus, we
conclude that it is likely to be the total number of Dip3+ R cells that
determines whether or not an extra photoreceptor is recruited to an
ommatidium.
Our ﬁnding that any four Dip3+ photoreceptors are sufﬁcient to
prevent themutant phenotype seemsmost consistent with the idea of
a diffusible factor that must accumulate to a minimum level to inhibit
extra photoreceptor development. In theory, this diffusible factor
could be a N ligand or coligand. However, given that known N ligands
are membrane bound proteins, we favor the notion that a diffusible
factor activates a separate pathway that works in parallel with the N
pathway to prevent extra photoreceptor development, perhaps by
synergistically stimulating N target genes. If we assume that this
parallel pathway is required for some, but not all, N functions, then
this mechanism would explain the speciﬁcity of the phenotype.
If Dip3 directly activates transcription of a diffusible factor,
misexpression of Dip3 might be expected to produce the same gain-
of-function phenotype regardless of where within the developing
ommatidium it was misexpressed. Therefore, the observation that
misexpression of Dip3 in cone cells does not produce a gain-of-
function phenotype, while misexpression in undifferentiated cells
does suggests that Dip3 may not directly activate the ligand. Rather it
may be required for the modiﬁcation of a ligand that is absent from
cone cells, but present in undifferentiated cells. Alternatively, the lack
of a phenotype due to cone cell misexpression of Dip3 could also result
if all the photoreceptors are already speciﬁed by the time Dip3 is
expressed in the cone cells.
The remarkable ﬁnding that four Dip3+ cells are always sufﬁcient
while three Dip3+ cells are always insufﬁcient to produce a mutant
ommatidium suggest that the system is exquisitely tuned to the
concentration of the hypothetical diffusible ligand. A number of
mechanisms (e.g., zero order ultrasensitivity) have been proposed to
explain this kind of extreme sensitivity to the concentration of a ligand
(Melen et al., 2005). Extreme concentration sensitivity would also
explain the observation that the non-cell-autonomous effects appar-
ently do not spread between ommatidia.
Domain architecture of the MADF-BESS transcription factors
The MADF-BESS transcription factors each contain a DNA binding
domain (the MADF domain) and an activation domain (the BESS
domain) and can function as both activators and coactivators (Bhaskar
and Courey, 2002). To assess the relative importance of the MADF and
BESS domains, we carried out an unbiased screen for new Dip3 loss-
of-function alleles. All four missense mutations we identiﬁed map to
the MADF domain suggesting that DNA binding is essential for the
function of Dip3 in retinal patterning. Although our screen did not
identify missense mutations in the BESS domain, the conserved
architecture of MADF-BESS domain factors suggests that this domain
is nonetheless critical. In support of this speculation, misexpression of
a Dip3 deletion lacking the BESS domain with the ey-Gal4 or GMR-
Gal4 driver did not produce the lethality or the smooth eye phenotype
associated with the expression of full-length Dip3 (data not shown).
The high degree of conservation of the MADF-BESS domain
architecture is surprising. 36 of the 57 known BESS domain-contain-
ing proteins also contain a MADF domain, while 36 of the 141 known
MADF domain-containing proteins also contain a BESS domain
(http://smart.embl-heidelberg.de/). Although most common in ﬂies,
this architecture is conserved across phyla. For example, two of the
three recognized MADF domain-containing factors in zebra ﬁsh also
contain BESS domains. This level of conservation is unusual among
sequence-speciﬁc transcription factors where it is generally impos-
sible to detect homology across phyla outside the DNA binding
domain. The frequency with which the MADF and BESS domains are
113H.A. Duong et al. / Developmental Biology 323 (2008) 105–113found together suggests that they interact with one another in the
developmental control of gene expression.
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